In view of reports of colistin-induced neurotoxicity in infected patients, the aim of this study was to assess whether the integrity of the blood-brain barrier (BBB) and the brain uptake of colistin are altered in the presence of systemic Pseudomonas aeruginosa infection. Bacteremia was confirmed 8 h after intramuscular administration of P. aeruginosa ATCC 27853 to Swiss Outbred mice, at which time a single subcutaneous dose of colistin sulfate (40 mg/kg of body weight) or an intravenous dose of [ 14 C]sucrose (2 Ci) was administered. Despite a substantial elevation in plasma levels of the proinflammatory cytokines tumor necrosis factor alpha, interleukin-1␤, and interleukin-6 during bacterial infection, the brain uptake of colistin was similar between infected and noninfected mice with AUC brain /AUC plasma (where AUC brain is the area under the brain concentration-time curve and AUC plasma is the area under the plasma concentration-time curve) ratios of 0.023 and 0.024, respectively. Similarly, the brain-to-plasma ratios of [ 14 C]sucrose were no different between infected and noninfected mice, consistent with a lack of effect of bacteremia on BBB integrity. To further correlate any relationship between BBB disruption and plasma levels of proinflammatory cytokines, BBB integrity, colistin brain uptake, and plasma proinflammatory cytokines were measured following the administration of Salmonella enterica lipopolysaccharide (LPS), an agent known to induce BBB disruption. Despite LPS inducing a 4-fold increase in colistin brain uptake and a significant (P < 0.05) 1.2-fold increase in [ 14 C]sucrose BBB penetration, plasma cytokine levels were lower with LPS treatment relative to those obtained with bacterial infection with P. aeruginosa. This study demonstrates that the brain uptake of colistin is not increased in mice during P. aeruginosa-induced systemic bacteremia despite a significant increase in plasma levels of three proinflammatory cytokines.
T
he spread of multidrug resistance in Gram-negative bacteria presents a critical problem to physicians attempting to treat systemic infections, in particular, those caused by Pseudomonas aeruginosa, Acinetobacter baumannii, and Klebsiella pneumoniae (28) . A decreased drive for the discovery of novel antibiotics has dramatically narrowed the available therapeutic options for such infections and has led to the reappraisal of colistin (polymyxin E). However, the use of colistin waned during the 1970s due to concerns related to its adverse effects (37) , including neurotoxicity, manifesting as dizziness, numbness, vertigo, and lower limb weakness (28, 34) . It is still unclear whether these side effects are centrally or peripherally mediated (6) ; however, if the neurotoxicity induced by colistin is indeed centrally mediated, colistin or its inactive prodrug colistin methanesulfonate (CMS) would be required to cross the blood-brain barrier (BBB) following systemic administration.
The BBB, formed by the endothelial cells lining the cerebral microvessels, is the interface between the blood and the cerebral tissue and acts as a major hindrance to the movement of molecules from the bloodstream into the central nervous system (CNS) (1) . The endothelial cells of these cerebral microvessels have minimal pinocytotic activity and a lack of membrane fenestrations (8) . Under normal conditions, the restrictive nature of the BBB is mediated by intercellular tight junctions preventing paracellular diffusion and by various efflux transport systems limiting transcellular movement (20) . In an attempt to understand the potential for colistin to traverse the BBB following systemic administration, we have previously assessed the brain uptake of this antibiotic following single and multiple injections to healthy mice, and these studies demonstrated minimal CNS penetration of colistin (18, 19) . This is not surprising given that, in addition to its relatively large molecular weight (average, 1,163), the free ␥-amino groups of the five ␣,␥-diaminobutyric acid residues in the structure give colistin multiple positive charges at physiological pH, rendering it quite hydrophilic. These physicochemical properties would therefore limit the ability of colistin to traverse the BBB via the transcellular or paracellular routes (33) . However, the integrity of the BBB paracellular route is known to be perturbed in a variety of diseases, including acute bacterial infection (39) , which may be a result of elevated plasma concentrations of proinflammatory cytokines (7) . Indeed, previous studies have demonstrated that cytokines such as tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), and interleukin-6 (IL-6) can lead to decreased expression and reorganization of tight junction proteins, resulting in BBB disruption (2, 12) .
Therefore, in the presence of a bacterial infection, it is likely that colistin may penetrate the BBB due to perturbation of the paracellular route. Indeed, colistin has been reported to penetrate the blood-cerebrospinal fluid barrier in infected patients (3, 17, 25) ; however, whether enhanced BBB penetration of colistin would occur during a bacterial infection has not been demonstrated. As a surrogate model of bacterial infection, we have shown that systemic administration of Salmonella enterica lipopolysaccharide (LPS) to mice leads to a significant enhancement in colistin BBB transport, and this is associated with increased brain uptake of the normally impenetrable [ 14 C]sucrose, a finding consistent with perturbation of the BBB paracellular route (19) . This suggests that brain exposure to colistin could be substantially higher in infected patients during treatment and could potentially lead to centrally mediated neurotoxicity. However, whether a similar increase in brain uptake of colistin will be observed in the presence of a systemic bacterial infection (rather than following administration of LPS) remains unknown.
In order to assess the brain uptake of colistin during systemic infection, a mouse thigh infection model involving intramuscular administration of P. aeruginosa was established. During the last decade, the opportunistic P. aeruginosa (40) has developed the multidrug resistance phenotype and sometimes is only susceptible to colistin (27) , which has been shown to have a cure rate of approximately 70% to infections caused by this bacterium (26, 29) . Therefore, P. aeruginosa was considered a clinically relevant bacterial species to develop the bacterial thigh infection model. The impact of systemic bacterial infection on the integrity of the BBB and colistin brain uptake was then determined and related to the plasma levels of the proinflammatory cytokines TNF-␣, IL-1␤, and IL-6. Furthermore, we measured the plasma cytokine levels in mice pretreated with LPS from S. enterica, a treatment that we have shown leads to increased BBB paracellular permeability and increased brain uptake of colistin (19) , to determine any relationship between plasma proinflammatory cytokine levels and BBB disruption.
MATERIALS AND METHODS
Bacterial strain and media. P. aeruginosa ATCC 27853 (American Type Culture Collection, Rockville, MD) was stored in tryptone soy broth (Oxoid, Thebarton, South Australia, Australia) with 20% (vol/vol) glycerol at Ϫ80°C. The bacterial strain was subcultured onto nutrient agar plates (Media Preparation Unit, The University of Melbourne, Parkville, Australia) prior to each experiment and incubated overnight at 37°C. A colony was then selected and grown overnight in 10 ml of cation-adjusted Mueller-Hinton broth (CAMHB; Oxoid, Hampshire, England) from which the logarithmic-phase growth was obtained.
Chemicals and reagents. Induction of systemic infection in neutropenic and nonneutropenic mice. Systemic bacterial infection was induced through the development of a thigh infection as described previously, with minor modifications (13) . The thigh infection was induced in both neutropenic and nonneutropenic mice to elucidate whether the presence of neutrophils (and the associated inflammatory cascade) was essential for any bacterium-induced BBB disturbance. To induce neutropenia in mice, cyclophosphamide was injected intraperitoneally 4 days (at a dose of 150 mg/kg of body weight) and 1 day (at a dose of 100 mg/kg) prior to the bacterial inoculation. On the day of inoculation, neutropenic mice were anesthetized with isoflurane by inhalation and then a 50-l suspension of 1-h logarithmicphase P. aeruginosa (approximately 5 ϫ 10 5 CFU in CAMHB) or CAMHB was injected into each posterior thigh muscle. The initial inocula were quantified by viable counting using a Synbiosis ProtoCOL colony counter (Don Whitley Scientific Ltd., England). At 4, 8, and 13 h after inoculation, mice were anesthetized by isoflurane and blood was aseptically collected by cardiac puncture (n ϭ 4 at each time point) and subjected to viable counting to determine the number of bacterial cells in the blood. To induce bacteremia in nonneutropenic mice, a 50-l suspension of 1-h logarithmic-phase P. aeruginosa (approximately 5 ϫ 10 7 CFU reconstituted in saline) or saline was injected into each posterior thigh muscle following anesthesia. Blood samples were collected at 1, 2, 4, and 8 h after inoculation (n ϭ 4 at each time point) to determine at what time point bacteremia had been achieved. The blood samples collected from both neutropenic and nonneutropenic mice at each time point were serially diluted in sterile saline and plated on nutrient agar plates (which were incubated overnight at 37°C), followed by counting of bacterial colonies.
Effect of systemic infection on brain uptake of colistin. An aliquot (200 l) of colistin sulfate solution (equivalent to 40 mg/kg in saline) filtered through a 0.22-m membrane (Millipore, Carrigtwohill, Country Cork, Ireland) was subcutaneously administered in the interscapular region of neutropenic or nonneutropenic mice 8 h following bacterial inoculation, as this was the time demonstrated to result in reproducible bacteremia (see Results). At various times (0.5, 1, 2, or 4 h) after administration of colistin sulfate, mice (n ϭ 4 at each time point) were anesthetized with isoflurane, blood was collected by cardiac puncture, and the whole brain was removed following cervical dislocation. Plasma and brain samples were then stored at Ϫ20°C until analyzed by HPLC using an assay previously developed and validated in our laboratory (18) . The standards used for quantitating colistin in mouse plasma and brain homogenate were prepared in noninfected matrices from mice. However, to ensure that the presence of bacteria in plasma and brain samples did not affect the ability to quantitate colistin, quality control (QC) samples of colistin (n ϭ 4) were also prepared in plasma and brain obtained from mice treated with cyclophosphamide and P. aeruginosa. The peak areas from low and high QC samples were compared to standards prepared in noninfected matrices, and precision and accuracy were calculated.
Following determination of the colistin concentrations in brain homogenate and plasma, a brain/plasma (B:P) concentration ratio of colistin was calculated at each postdose time point. In addition to discrete B:P ratios, the area under the plasma concentration-time curve from zero time to 4 h (AUC plasma ), the area under the corresponding brain concentration-time curve (AUC brain ), and their associated variances were determined by Bailer's approach using the linear trapezoidal rule (4), which was previously validated using WinNonlin (version 4.0; Pharsight Corporation, Mountain View, CA).
Effect of LPS on brain uptake of colistin. Given that LPS (S. enterica) is known to induce BBB disruption, the following component of the study was included as a positive control. In brief, mice were administered three intraperitoneal injections (200 l) of 0.9% (wt/vol) saline (control) or LPS (S. enterica) at 0, 6, and 24 h as described previously (19) . An aliquot (200 l) of a colistin sulfate solution (40 mg/kg in saline) was then administered subcutaneously to mice 4 h after the third saline or LPS dose. At 0.5 h after the administration of colistin, plasma and brain samples (n ϭ 4) were harvested, and concentrations of colistin in brain homogenate and plasma were determined by HPLC to obtain a B:P ratio.
Assessment of BBB integrity. The brain uptake of [ 14 C]sucrose was assessed to detect whether the paracellular integrity of the BBB was compromised in infected (both neutropenic and nonneutropenic) and LPStreated mice (as a positive control). At 8 h after the initial bacterial or saline inoculation or 4 h after the third LPS or saline dose, mice were intravenously administered a 50-l solution of [ 14 C]sucrose (2 Ci in saline) (n ϭ 6 per group). Plasma and brain samples were collected 5 min postdose, and the radioactivity in plasma and brain was determined using liquid scintillation counting (Tri-Carb 2800 TR; Perkin Elmer, Boston, MA) as described previously (19) .
Measurement of plasma cytokine concentrations. Concentrations of TNF-␣, IL-1␤, and IL-6 were determined in the plasma obtained from nonneutropenic mice 8 h after the initial bacterial or saline inoculation or 4 h after the third LPS or saline dose, in an attempt to correlate BBB disruption to plasma proinflammatory cytokine levels. Plasma (50 l) was added to the wells of mouse cytokine 96-well kits (Ready-Set-Go!; eBioscience, San Diego, CA), and absorbance was recorded at 450 nm with a FLUOstar Optima microplate reader (BMG Labtech, Mount Eliza, Victoria, Australia). The endogenous components within plasma did not interfere with the assay, as no absorbance was obtained following incubation with plasma alone. Concentrations of the three cytokines in each plasma sample were calculated by comparison to a standard curve developed with known concentrations of each cytokine. The quantification range for the cytokines ranged between 8 and 1,000 pg/ml. Plasma samples containing cytokine concentrations exceeding 1,000 pg/ml were diluted in blank plasma and reassayed.
Data analysis. All data are presented as means Ϯ standard deviations (SD), unless otherwise stated. Student's t test was used to examine the difference between two groups, whereas bacterial colony numbers in infected animals (using viable counts on a linear scale) were compared using a one-way analysis of variance (ANOVA) followed by a Newman-Keuls multiple-comparisons test (PASW Statistics for Windows, version 17.0; Chicago, IL). A P value of Ͻ0.05 was considered to be a significant difference. When comparing AUC plasma and AUC brain between noninfected and infected mice, a z test was used to test significant differences as proposed by Bailer (4) . A z value of Ͼ1.96 was considered to be a significant difference between groups.
RESULTS
Bacterial burden in blood after inoculation of neutropenic and nonneutropenic mice. At 4 h after inoculating neutropenic mice with P. aeruginosa (5 ϫ 10 5 CFU), bacteremia was relatively low (less than 4.65 log 10 CFU/ml of blood), and it was not until 8 h postinoculation that bacteremia appeared to be reproducibly established with blood levels of 5.05 to 5.38 log 10 CFU/ml (Fig. 1a) . There was no significant difference in the level of bacteremia between 8 and 13 h (P Ͼ 0.05). For this reason, all subsequent brain uptake experiments in neutropenic mice were conducted 8 h following bacterial inoculation or saline administration. When the same inoculum of P. aeruginosa was injected into nonneutropenic mice, no bacteremia was detectable, and therefore, the inoculum was increased to approximately 5 ϫ 10 7 CFU. As shown in Fig. 1b , bacteremia was minimal at 1 and 2 h postinoculation (less than 2.95 log 10 CFU/ml), whereas at 4 h postinoculation, blood levels reached a plateau of 4.90 to 5.48 log 10 CFU/ml, which is similar to the level observed in neutropenic mice (albeit at a lower inoculum). At 8 h postinoculation, there was no significant difference in bacteremia relative to that at 4 h (P Ͼ 0.05); however, in order to keep a consistent time exposure between neutropenic and nonneutropenic studies, all brain uptake assessments in nonneutropenic mice were also undertaken at 8 h postinoculation.
Brain uptake of colistin following systemic infection or LPS treatment. To ensure that P. aeruginosa inoculation or cyclophosphamide treatment did not interfere with HPLC analysis of colistin in plasma and brain homogenate, the HPLC methods developed previously (18) were revalidated using plasma and brain from bacteria-inoculated neutropenic mice. No changes in colistin chromatographic peak shapes or retention times were observed in colistin-spiked plasma or brain homogenate obtained from mice pretreated with cyclophosphamide and inoculated with bacteria. Using standard-curve solutions of colistin prepared in plasma and brain homogenate from noninfected mice, the precision and accuracy values for QC samples prepared in plasma and brain homogenate from infected mice were within acceptable a Samples were prepared in plasma (g/ml; n ϭ 4) and brain homogenate (g/g; n ϭ 4) obtained from infected neutropenic mice and compared to a standard curve prepared in matrices obtained from noninfected mice. b Data are presented as means Ϯ SD.
ranges (as shown in Table 1 ). These results indicated that plasma and brain from noninfected mice were suitable to establish standard curves to calculate the concentrations of colistin in samples from infected animals. All mice tolerated the current single subcutaneous dose of colistin with no observed toxicity over the experimental period. The plasma and brain concentrations of colistin in infected and noninfected neutropenic mice are shown in Fig. 2 . Plasma concentrations of colistin were not significantly affected by inoculation with P. aeruginosa, with AUC plasma values of infected and noninfected mice being 118.6 Ϯ 11.6 and 108.3 Ϯ 11.5 g · h/ml, respectively (z ϭ 0.20). Similarly, the brain homogenate concentrations of colistin were not different between infected and noninfected animals over the 4-h postdose period, with AUC brain values of 2.74 Ϯ 0.21 and 2.58 Ϯ 0.28 g · h/g, respectively (z ϭ 0.45). Similarly, when colistin was administered to nonneutropenic animals, there was no significant difference in the B:P ratio of colistin between infected and noninfected mice at 0.5 h postadministration (Fig. 3a) , with B:P ratios of 0.043 Ϯ 0.032 (infected mice) and 0.032 Ϯ 0.011 (noninfected mice). Given that there was no difference in the brain uptake of colistin at this single time point, no further mice were dosed to obtain a concentration-time profile similar to that obtained for neutropenic mice (Fig. 2) . However, in mice treated with LPS from S. enterica, the B:P ratio of colistin at 0.5 h postadministration was 0.12 Ϯ 0.053 (Fig. 3b) , which was significantly higher than that of saline-treated mice (0.036 Ϯ 0.011), confirming that when the BBB is perturbed, the brain uptake of colistin is indeed enhanced.
BBB integrity following systemic infection or LPS treatment. The B:P ratio of the BBB paracellular route marker, [ 14 C]sucrose, was determined in mice during bacteremia to confirm a lack of paracellular dysfunction, as suggested by the lack of difference in colistin brain uptake between noninfected and infected mice. In both neutropenic and nonneutropenic mice, the average B:P ratios of [ 14 C]sucrose were not significantly different between infected and noninfected mice (Fig. 4a) , suggesting that even though bacteremia was present, the tight junctions at the BBB were still functionally intact. In contrast, a small but significant difference in [ 14 C]sucrose brain uptake was observed between saline-and LPS-treated mice with B:P ratios of 0.046 Ϯ 0.0035 (LPS treated) and 0.039 Ϯ 0.0024 (saline treated) (Fig. 4b) .
Plasma cytokine levels following systemic infection or LPS treatment. Plasma concentrations of TNF-␣, IL-1␤, and IL-6 in infected and noninfected nonneutropenic mice are shown in Fig.  5a . The values of all three cytokines were very low in noninfected mice, with TNF-␣ and IL-1␤ levels being below the limit of quantitation of the assay (i.e., 8 pg/ml). After inoculation with P. aeruginosa, concentrations of cytokines were substantially higher with values of 774.1 Ϯ 184.4 pg/ml for TNF-␣, 110.7 Ϯ 88.4 pg/ml for IL-1␤, and 1078.3 Ϯ 235.5 pg/ml for IL-6, consistent with the proinflammatory mediators having been activated during systemic bacterial infection. Studies to measure the plasma cytokine levels in neutropenic mice were not conducted, as results from nonneutropenic mice were more likely to resemble the clinical setting.
The levels of TNF-␣, IL-1␤, and IL-6 were also determined in plasma of saline-and LPS-treated mice (Fig. 5b) , given that S. enterica LPS induced BBB disruption, therefore allowing for a bet- ter correlation to be made between BBB disruption and plasma cytokine levels. The plasma levels of these cytokines from LPStreated mice were 84.8 Ϯ 14.9 pg/ml for TNF-␣, 9.3 pg/ml for IL-1␤ (the SD value could not be calculated, as concentrations of only two samples were above 8 pg/ml), and 916.5 Ϯ 310.4 pg/ml for IL-6. The concentrations of cytokines in saline-treated mice were in all cases below the limit of quantitation of the assays. While statistical analysis could not be conducted, given that saline-treated mice exhibited nonquantifiable plasma cytokine levels, it was obvious that plasma concentrations of these three cytokines were higher after LPS treatment. In addition, the TNF-␣ plasma levels in infected mice were substantially higher than the corresponding levels in LPS-treated mice (P Ͻ 0.05), even though BBB disruption and enhanced colistin brain uptake were only observed in LPS-treated mice, suggesting a lack of correlation between BBB disruption and plasma levels of this cytokine.
DISCUSSION
As a consequence of the development of antibiotic resistance, there has been increasing clinical use of the cationic polypeptide antibiotic colistin for the treatment of Gram-negative bacterial infections (24, 31) . Associated with this clinical use are reports of neurotoxicity, suggesting that colistin has the potential to permeate the BBB. We have demonstrated that colistin exhibits minimal penetration across the healthy BBB; however, it has the ability to traverse the BBB during systemic inflammation due to LPS-mediated perturbation of the paracellular route (19) . To reflect the clinical scenario more closely, the impact of systemic infection with P. aeruginosa on the brain uptake of colistin was assessed in a mouse model. The strain of P. aeruginosa selected to induce bacteremia (ATCC 27853) was initially isolated from a patient and has been widely used to determine the antimicrobial activities of various antibiotics (15, 35) , and therefore, it was considered clinically relevant for this study. It has been shown that inoculation of mice with Escherichia coli and Streptococcus pneumoniae at sepsis-inducing doses leads to BBB disruption, which was demonstrated by brain access of the impermeable horseradish peroxidase (38) . Although a different bacterial strain, an increased BBB permeability and enhancement in colistin brain uptake was therefore expected following inoculation with P. aeruginosa. Interestingly, despite a high level of bac- Data are presented as means Ϯ SEM (n ϭ 4). *, P Ͻ 0.05 between bacteria-inoculated and saline-treated animals (using Student's t test); ϩ, plasma levels were below 8 pg/ml; #, n ϭ 2 (as the remaining replicates were below 8 pg/ml). teremia similar to that achieved following inoculation with E. coli and S. pneumoniae (38) , the plasma and brain concentrations of colistin did not differ between P. aeruginosa-infected and noninfected mice. Moreover, the B:P ratios of the BBB paracellular route marker, [ 14 C]sucrose, were not different between the two groups, suggesting that the tight junctions were not disturbed following P. aeruginosa inoculation. However, administration of LPS from S. enterica led to an increase in the brain uptake of both colistin and [
14 C]sucrose, demonstrating that our model was able to discriminate between an intact and disturbed BBB, suggesting that the observations with P. aeruginosa were indicative of a negative impact on BBB dynamics. Although colistin is administered parenterally as its inactive prodrug CMS (5), we did not assess the impact of bacterial infection on the brain uptake of CMS. Due to stability issues of CMS and its ability to convert to colistin in vivo (22, 23) , it would be difficult to accurately quantify the brain uptake of CMS in vivo and, furthermore, whether the brain uptake of CMS is altered during bacterial infection.
The lack of effect of P. aeruginosa on BBB integrity and colistin brain uptake was first assessed in neutropenic animals, whose immune system and ability to produce proinflammatory cytokines may be affected (9) . Cytokines are proinflammatory mediators of the immune system that are released in order to respond to acute infection. These mediators are known to modify BBB permeability during neuroinflammatory disease states, such as multiple sclerosis, meningitis, and encephalitis, and this is associated with their ability to affect the expression and function of interendothelial tight junction proteins, including occludin and zonula occludens-1 (21, 30, 41) . Various in vitro studies have demonstrated that proinflammatory mediators such as TNF-␣, IL-1␤, and IL-6 are able to cause BBB paracellular dysfunction by altering the cytoskeleton structure of endothelial cells (12) . It has also been demonstrated that direct administration of such cytokines in vivo could lead to BBB disruption (2, 36) . Given the role of proinflammatory cytokines in mediating BBB disruption, and the altered inflammatory response of neutropenic mice, it was considered that the neutropenic state may have prevented the ability for bacteremia to induce BBB dysfunction. For this reason, we then developed a bacterial infection model in nonneutropenic (i.e., noncyclophosphamide-treated) mice to determine whether the presence of neutrophils (and the subsequent altered release of proinflammatory cytokines) would lead to BBB dysfunction and enhanced colistin brain uptake. Such a scenario is also more likely to be representative of that observed in otherwise healthy patients who have contracted a bacterial infection. Not surprisingly, a higher inoculum of P. aeruginosa was required to induce bacteremia in nonneutropenic mice. However, similar to that observed in neutropenic mice, no significant difference in the brain uptake of colistin or [ 14 C]sucrose was found between infected and noninfected mice, suggesting that the paracellular route was not disrupted in the infected mice. These studies suggested that, even in the presence of an intact immune system, bacteremia induced by P. aeruginosa was not able to induce BBB dysfunction.
To ensure that there was indeed an inflammatory response induced by bacteremia, and to examine possible relationships between inflammatory mediators and BBB disruption, the plasma levels of TNF-␣, IL-1␤, and IL-6 were measured in infected and noninfected mice. For all three cytokines, the concentration in plasma was higher in the infected mice than in noninfected mice. Despite the higher plasma cytokine levels, the BBB integrity was not affected during bacterial infection, suggesting that there was no clear correlation between plasma cytokine levels and BBB dysfunction, at least for the three cytokines examined. To further confirm this lack of correlation, we measured the plasma cytokine levels in mice having a disturbed BBB (i.e., mice treated with LPS from S. enterica). This showed that even though we observed a significant increase in colistin and [
14 C]sucrose brain uptake after LPS treatment, plasma cytokine levels were actually lower than those observed following bacterial infection (where there was no BBB disruption). These data confirmed that for these three plasma cytokines, there did not appear to be a direct link between plasma cytokine levels and the extent of BBB disruption.
There are various reasons as to why there appeared to be differences between the BBB-disrupting effects of our two treatment paradigms. First, it is important to note that bacterial infection with P. aeruginosa led to a larger proinflammatory response (relative to S. enterica LPS administration), yet the BBB-disrupting effects of LPS appeared greater. This suggests that there may be a direct effect of LPS species on the BBB, independent of the release of plasma cytokines, as has been suggested elsewhere (16) . Alternatively, given that the levels of cytokines released in these studies were well below those previously shown to induce BBB disruption both in vitro and in vivo (10-12, 36, 38) , it is possible that a more representative correlation may be observed if higher bacterial inocula of P. aeruginosa were administered. Indeed, the levels of TNF-␣ and IL-6 released in patients with nonbacterially induced acute pancreatitis (where enhanced BBB permeability was detected) were substantially higher than the levels observed in our studies following P. aeruginosa infection (14) . It should also be noted that we only measured the levels of IL-1␤, IL-6, and TNF-␣, and it is possible that other cytokines such as gamma interferon (IFN-␥) or IL-10 may also play an important role in BBB disruption (32) . It is also possible that P. aeruginosa ATCC 27853 may be less virulent (and BBB disruptive) than other P. aeruginosa strains or other clinically relevant bacterial strains. The impact of such strains on BBB disruption, and on the brain uptake of colistin (and other therapeutic agents), warrants further investigation. Nevertheless, we have demonstrated that the brain uptake of colistin does not appear to be substantially affected during bacteremia induced with this clinically relevant strain. We have also confirmed that such an enhancement in the brain uptake of colistin is possible following administration of LPS from S. enterica, which suggests that the CNS exposure of this antibiotic may be increased during infection with other bacterial strains.
These studies have demonstrated that, despite increasing the plasma concentrations of three proinflammatory cytokines, induction of bacteremia by P. aeruginosa did not alter the BBB paracellular route or the ability of colistin to enter the brain parenchyma following systemic administration. Furthermore, a direct relationship between plasma levels of TNF-␣, IL-1␤, and IL-6 and BBB disruption was not evident in vivo, in contrast to that which has been suggested from in vitro studies.
